No Escape compared to Escape Delay trial cues in the insula, amygdala, ventral striatum and orbito-frontal cortex.
Introduction
Attention Deficit/Hyperactivity Disorder (ADHD) is a common and debilitating condition marked by persistent and pervasive patterns of inattention, overactivity and impulsiveness that affect individuals across the lifespan (Taylor & Sonuga-Barke, 2008 ).
There is a growing and fairly consistent body of evidence that maladaptive inter-temporal choices (i.e., preference for small earlier over larger later rewards), represent an important marker 6 including cues signalling aversive events (Iidaka et al., 2010) , responses to physical and social threats (Staugaard, 2010) , feargenerating stimuli (Sehlmeyer et al., 2009 ) and punishment (Hahn et al., 2010) . Amygdala dysfunction is implicated in accounts of mood disorders where inappropriate perception and response to aversive and threatening stimuli seems core (Elliott et al., 2011) . However, the amygdala has also been implicated in the regulation of responses to positive or rewarding stimuli (Bermudez & Schultz, 2010) suggesting a broader role in motivational control (Tye et al., 2008) . With regard to ADHD, recent studies have reported smaller amygdala volumes in children (Sasayama et al., 2010; Frodl et al., 2010) . There are also reports of altered amygdala functioning during perception of emotional faces (Brotman et al., 2010) and the suggestion that these may be linked to emotional dysregulation (Herrmann et al., 2010) . Crucially, for the present study, Plichta et al. (2009) found significant hyperactivation of the amygdala in ADHD individuals when confronted with choices with delayed outcomes. The insula is a cortical structure folded within the lateral sulcus lying between the temporal and the frontal lobe. It plays a key role in the subjective appreciation of physical pain, especially located in the posterior portion of the insula (Isnard et al., 2011) and empathy for pain in others, modulated by the anterior portion (Gu et al., 2010) . The anterior insula plays a key role in visceral representation and emotional awareness (Nieuwenhuys, 2012) . The insula has also been identified as having a role in punishment learning (Wachter et al., 2009; Hester et al., 2010) and the regulation of attention to aversive emotional cues (Straube & Miltner, 2011) , especially disgust (Deen et al., 2011) . Altered insula activation is seen in individuals with anxiety disorders (Shah et al., 2009 ) and phobias (Rosso et al., 2010) . Insula dysfunction has been implicated in ADHD across a number of domains including error processing (Spinelli et al., 2011) , loss avoidance (Stoy et al., 2011) and sensori-motor timing (Valera et al., 2010) .
The first aim of this study was to employ a region of interest (ROI) approach to test the strong prediction that ADHD children will activate the insula and amygdala more than controls when faced with the prospect of inescapable, as opposed to escapable, delay. The second aim of the paper was to explore activations to cues of inescapable delay in two other brain regions heavily implicated in the regulation of response to motivationally salient events. The ventral striatum is known to be involved in reward processing and is activated by cues of impending rewards (Knutson et al., 2001) . Its role in the anticipation of aversive stimuli remains unresolved with mixed results from imaging studies (Jensen et al., 2003; Knutson & Greer, 2008) . The orbito-frontal cortex is involved in coding reinforcer value and guiding decision making between different outcomes (Kennerley & Walton, 2011) . A specific role for OFC in relation to aversive events remains uncertain (Ursu & Carter, 2009 ).
Results
The ADHD and control groups did not differ on hit rate while performing the task. For the escape condition the average success rate was 62% and for the no-escape condition 63% Table 2 3. Discussion
Impulsive choice is a core characteristic of ADHD (Marco et al., 2009 for evidence in this regard From this perspective the current results favour the notion that altered reinforcement processing in ADHD in part may implicate
qualitative difference in what constitutes reinforcement and punishment to individual children (i.e., the outcomes they will work to gain or to avoid) as well as quantitative deficits in sensitivity to reinforcement more generally (Sonuga-Barke, 2011).
A parsimonious account of the results of this study and that of the reward anticipation studies, if replicated (e.g. (Scheres et al., 2007) is that children with ADHD differentially process the anticipation of monetary incentives or delay exposure than control children. In this regard it would be interesting to include a direct comparison of the punishing effects of monetary loss and delay imposition in future studies.
The second strand of research, is linked to a renewed interest in emotional dysregulation (Sobanski et al., 2010) as a clinical feature of ADHD and the overlap between ADHD and paediatric severe mood disorders (Donfrancesco et al., 2011) . This has focused interest on amygdala and insula dysfunction in ADHD with recent studies reporting structural (Sasayama et al., 2010 ) and functional alterations in the amygdala (Brotman et al., 2010; Herrmann et al., 2010) . Additionally, a PET study with adults with ADHD demonstrated some preliminary evidence that dopamine abnormalities are present in the amygdala (Volkow et al., 2007) .
The finding closest to that of the current study were reported by Plichta et al. (2009) , who found that ADHD was associated with an increased amygdala activation in the face of delayed outcomes.
Functional alterations associated with ADHD in the insula have also been identified (Valera et al., 2010) . The current study in a sense straddle this reward and emotion regulation literature by linking hypothesized alterations in the emotional valance of delay to motivated responding in ADHD.
How can we reconcile the numerous studies that highlight dysregulation in brain circuits controlling higher order executive processes with those, such as the current one, implicating "bottom Focusing attention on the amygdala's response to the aversive properties of delay for children with ADHD highlights the putative role of serotonin, a key regulator of amygdala function, in the pathophysiology of emotional regulation and impulsiveness in ADHD (Novkovic et al., 2009; Novkovic et al., 2009) The current study had a number of limitations that should be addressed in future research. First, the sample size in this pilot study was small and related to that the primary analyses were limited to ROIs. However, the selection of ROIs was explicitly hypothesis-driven. Studies with much larger samples using wholebrain analysis are required to replicate the current findings.
Second, the task did not have a control condition which would have allowed a direct comparison between the punishing effects of the imposition of inescapable delay and other forms of punishment such as response cost. This means that we cannot rule out the possibility that the heightened response to cues predicting inescapable delay represented a generalised impairment towards cues predicting aversive outcomes rather than an effect specific to delay. Additionally, it is possible that not having control over outcomes generally, rather than delay levels specifically, might be the aversive aspect of the no-escape trials and future studies need to control for this possibility. Third, there was no opportunity to compare children with ADHD with and without anxiety and mood disorder which are highly prevalent in the ADHD samples and also likely to implicate the sorts of accentuated emotional responses seen here. Fourth, there was no direct measure of whether patients with ADHD perceived delay to be more aversive then controls. Finally, our groups were not matched on IQ. This represents a significant confound given some significant correlations between significant activations and IQ in the current study. Future samples with groups matched for IQ will be needed to rule out the possibility that the effects seen in the current study are not driven by IQ rather ADHD because of limitations in interpreting anaylses with IQ as a covariate (Miller & Chapman, 2001 ).
In summary, we found that children with ADHD displayed a specific pattern of hyper-activation of the amygdala and the insula, brain Questionnaire (Oldfield, 1971) . Due to motion artifacts 2 adolescents with ADHD and 2 control subjects were removed from further analyses. Therefore, analyses were conducted with 20 participants (10 ADHD and 10 controls). For these subjects movement parameters were found to be low (on average translations less than 2 mm and rotations less than 2 degrees) and no significant difference of movement parameters between control subjects and patients was observed. All participants and their parents gave informed consent prior to testing. The study was approved by the ethics committee of KU Leuven University Hospital.
Table 1

Task Design
The Escape Delay Incentive ( however, can lead to fitting implausible shapes (Calhoun et al., 2004 ) and decreased power (Lindquist et al., 2009 ).
Given the relatively small sample size in this study, nonparametric tests were applied. To this end, the contrast images of all subjects, masked by the different ROIs, were used as input for the non-parametric statistical toolbox SnPM (Nichols & Holmes, 2002 
